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Based on first-principles calculations, we predict two new thermodynamically stable layered-phases of silicon,
named as silicites, which exhibit strong directionality in the electronic and structural properties. As compared to
silicon crystal, they have wider indirect band gaps but also increased absorption in the visible range making them
more interesting for photovoltaic applications. These stable phases consist of intriguing stacking of dumbbell
patterned silicene layers having trigonal structure with
√
3×√3 periodicity of silicene and have cohesive energies
smaller but comparable to that of the cubic diamond silicon. Our findings also provide atomic scale mechanisms
for the growth of multilayer silicene as well as silicites.
DOI: 10.1103/PhysRevB.90.085426 PACS number(s): 68.65.Ac, 73.61.Ey, 81.05.Dz
I. INTRODUCTION
Early studies [1,2] to answer the critical question of whether
Si can form graphenelike monolayer structures have been
ruled out initially by the arguments that Si does not have a
layered allotrope like graphite [3–5]. Actually, the realization
of single and multilayer Si would be rather tempting, since the
adaptation of the formidable material and device technology
developed for Si crystal to Si nanostructures and its layered
compounds is rendered possible.
Recently, the silicon counterpart of graphene named sil-
icene was shown to be stable [6] and was synthesized on Ag
substrate [7]. Similar to graphene, the electrons of silicene
behave as massless Dirac fermions and armchair silicene
nanoribbons display family behavior [6,8]. Much recent
growth of multilayer silicene up to ∼100 layers [9] showing√
3×√3 pattern rekindled the fundamental question whether
silicon can have stable, graphitelike layered phase [10–13].
Here, by first-principles calculations, we show that the
structural transformations through interlayer atom transfer
result in a complex stacking sequence of grown layers, which
eventually can make thermodynamically stable, bulk layered
allotropes of silicon. We have named these materials silicites,
inspired by the name of the layered bulk structure of carbon,
graphite. Our predictions herald that the missing layered bulk
phases of silicon can, in fact, be synthesized and can add novel
properties to those of a Si crystal in cubic diamond structure
(cdSi), the global minimum of Si. Our findings also provide
for a plausible growth mechanism of multilayer silicene, as
well as germanene, SiGe, and SiC.
II. METHODS
We have performed state-of-the-art density functional
theory (DFT) calculations within generalized gradient approx-
imation (GGA). We used projector-augmented wave potentials
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PAW [14] and the exchange-correlation potential is approxi-
mated with a Perdew-Burke-Ernzerhof (PBE) functional [15].
The Brillouin zone was sampled by (12×12×12) k points in
the Monkhorst-Pack scheme where the convergence in energy
as a function of the number of k points was tested. The number
of k points were further increased to (48×48×48) in the
DOS calculations. In the RPA calculation, we have used a
(24×24×24) and a (88×88×88) k point mesh for eLDS and
cdSi, respectively. A G0W0 calculation was performed using
(8×8×8) k-point mesh and 288 bands whereby convergence
with respect to all parameters is ensured for eLDS [16]. Also
hybrid functional calculations were carried out for the energy
band structure [17]. The atomic positions were optimized
using the conjugate gradient method. The energy convergence
value between two consecutive steps was chosen as 10−5 eV.
A maximum force of 0.002 eV/ ˚A was allowed on each
atom. The phonon dispersions were calculated using the small
displacement method [18] where forces are obtained using the
VASP software [19]. In the molecular dynamics simulations,
the atomic velocities are scaled each 50 steps corresponding
to 0.1 ps.
III. DUMBBELL SILICENE
The dumbbell (DB) structure [20–23] of silicene has been
the most critical ingredient in the construction of the layered
bulk phase of Si. A single Si adatom initially at the top site of
silicene pushes down the parent Si atom underneath to arrange
a DB [22] structure as shown in Fig. 1(a). Hence, a single,
isolated DB formation on silicene is an exothermic process
and takes place spontaneously [22,23].
The synthesis of layered phase of Si starts by the growth
3×3 silicene, which is lattice matched to (4×4) Ag(111)
substrate. Due to significant interaction between Si and Ag,
this commensurate growth on Ag substrate is found to be
more favorable energetically than the growth of cdSi [24].
Once grown, the 3×3 silicene transforms gradually through
chemisorption of Si adatoms forming DBs and eventually
displays a
√
3×√3 - R(30◦) pattern. At the end, it is shrank by
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FIG. 1. (Color online) (a) Single dumbbell (DB) structure to-
gether with isosurface and contour plots of the total charge density.
(b) Top and side views of trigonal dumbbell structure (TDS) and
honeycomb dumbbell structure (HDS) having √3×√3 - R(30◦)
pattern. Red, yellow, and blue balls represent dumbbell, fourfold,
and threefold coordinated Si atoms of TDS, respectively. A, B,
and C are three stacking positions. In HDS, yellow Si atoms are
fivefold coordinated. (c) Growth mechanism through the structural
transformation by the transfer of Si atom from the lower HDS to the
upper, newly grown silicene forming eventually two TDSs is indicated
by a dotted arrow and subsequent Si-Si rebounding is indicated by
green arrows. The upper TDS is shifted to the B position of the lower
TDS.
∼5% and hence it becomes incommensurate with the Ag(111)
surface [10,11].
It has been recently identified that this modified monolayer
grown on a Ag(111) surface has the honeycomb dumbbell
structure (HDS) and it comprises two DBs in each √3×√3
cell, which are arranged in a honeycomb structure as shown in
Fig. 1(b) [25]. The lattice constant of the √3×√3 silicene
and the step height between 3×3 and √3×√3 silicene
reported experimentally are well reproduced by the growth
mechanism mentioned above [11,12]. The free-standing HDS
(with energy 0.912 eV/ ˚A2) and the HDS on Ag substrate
(with energy 1.014 eV/ ˚A2) are found to be stable [26].
The small difference of energies of HDSs with and without
substrate of 0.1 eV/ ˚A2, which becomes even smaller in a real
incommensurate substrate, is a strong evidence that the effect
of substrate diminishes in multilayer structures.
Upon the growth of a second monolayer, first, the grown
HDS is forced to change to TDS (i.e., the trigonal dumbbell
structure, which has only one DB in the
√
3×√3 cell and is
less energetic than HDS). As shown in Fig. 1(c), the upper
Si atom of every other DB in each unit cell of existing HDS
is transferred to the upper monolayer to form a DB above.
Then, one Si atom of each DB at either layer is connected
to a threefold coordinated regular Si atom and hence forms a
perpendicular Si-Si bond recovering the fourfold coordination.
At the end, both the second grown layer and the existing HDS
change into TDS. However, once the second TDS is completed,
it changes eventually to HDS through adsorption of incoming
Si adatoms in the medium, because it is energetically favorable.
Hence these structural transformations occur without the need
to overcome any kind of energy barrier and they follow
sequentially whenever a new Si monolayer grows on top. At
the end, all grown layers change from HDS to TDS one by
one, except the last grown layer, which remains to be HDS.
This growth mechanism matches very well the measured STM
and LEED data [10–13,25]. For example, the observation of
a honeycomb pattern in STM images obtained from the last
grown layers silicene multilayers is in compliance with our
results, since the last grown layer has to be HDS and the
calculated STM images of HDS display the same honeycomb
pattern.
IV. LAYERED DUMBBELL SILICITES
The structural transformations in grown layers and the
resulting stacking sequence summarized above have led us
to predict two different layered bulk phases of silicon; we
named them silicite. The atomic structures of these phases
are presented in Fig. 2 [27]. In both phases, the top and
bottom Si atoms of a DB in each unit cell of TDS are bonded
to the regular, threefold coordinated Si atoms at either side
through two perpendicular Si-Si bonds. At the end, the third
site in the unit cell becomes bonded to the lower adjacent
TDS only by leaving a hole below the upper adjacent TDS.
Accordingly, the fourfold coordination of all Si atoms is
maintained in these layered dumbbell silicite (LDS) structures,
but the bond angles deviate significantly from tetrahedral
angle, ∼109◦. In the first phase, named here as eclipsed layered
dumbbell silicite (eLDS), the layers follow an ABCABC. . .
stacking sequence as depicted in the top view of TDS in
Fig. 1(b). Three in-layer Si-Si bonds in either side of the
perpendicular Si-Si bonds attain similar orientations as in the
left panel of Fig. 2(a). Consequently, all in-layer Si-Si bonds in
different TDSs are nearly eclipsed, so that the top view of the
multilayer looks like a single-layer honeycomb. In the other
phase, namely staggered layered dumbbell silicite (sLDS) the
stacking sequence is A ¯BC ¯AB ¯CA... The in-layer Si-Si bonds
of the upper and lower TDS layers oozing from both ends
of perpendicular Si-Si bonds specified by the sign “bar” are
staggered by 60◦ as shown by the inset in the right panel
of Fig. 2(a). eLDS and sLDS in the direction perpendicular to
TDS layers yield views of atoms reminiscent of the view along
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FIG. 2. (Color online) (a) The double unit cell of eclipsed layered
dumbbell silicite (eLDS) including N = 7 Si atoms per unit cell
and a single unit cell of staggered layered dumbbell silicite (sLDS)
including N = 14 Si atoms per unit cell. (b) Side and top views
showing the ABCABC. . . stacking of eLDS and the A ¯BC ¯AB ¯CA. . .
stacking of sLDS. (c) Top view of eclipsed and staggered diamond
structure of silicon is shown for comparison.
[111] direction of eclipsed and staggered cdSi, respectively.
The top views of these layered silicites are compared with
diamond silicon structures seen along [111] direction in Fig. 2.
Apparently, the stacking of LDS structures that we predict
here rules out earlier presumed multilayer of pristine silicene
having a Bernal stacking like graphite, since the latter is not
energetically favorable and cannot match LEED patterns.
Notably, the unit cell of sLDS is twice larger than that of
eLDS and comprises 14 Si atoms. Both eLDS and sLDS are
viewed as layered materials, since they consist of parallel TDS
layers; in each TDS layer DBs show
√
3×√3 pattern. Since
there is only one hole between two consecutive layers in the
unit cell, the mass densities of eLDS (2.10 g/cm3) and of
sLDS (2.11 g/cm3) are slightly smaller than that of cdSi (2.28
g/cm3). We note that in cdSi the distance between (111) planes
FIG. 3. (Color online) (a) Brillouin zones of cdSi and eLDS with
relevant symmetry directions. (b) Phonon bands of eLDS and sLDS.
is only 2.37 ˚A. On the other hand, because of two perpendicular
Si-Si chemical bonds in each unit cell which connect the
adjacent TDS layers, the interaction between parallel layers of
LDS structures is not like the weak van der Waals interaction
in graphite or MoS2 [28]. The calculated cohesive energies
(i.e., the total energy per atom relative to the energy of free Si
atom) are 4.42 and 4.43 eV for eLDS and sLDS, respectively,
which are only 0.18–0.17 eV smaller than that of cdSi while
being 0.46–0.47 eV larger than that of free-standing silicene
[29].
The calculated vibrational frequencies of eLDS and sLDS
phases are all found to be positive. The absence of negative fre-
quencies is taken as an evidence that these layered phases are
stable. The phonon bands of these structures presented in Fig. 3
disclose interesting dimensionality effects. Specific optical
branches are flat and the lower lying branches overlap with the
acoustical branches. For sLDS structure, the acoustical branch
dips in the -L direction leading to phonon softening. We
have also performed molecular dynamics simulations where a
(3×3×4) supercell of eLDS and a (3×3×2) supercell of sLDS
were kept at 1000 K for 4 ps. No structural deformation was
observed in the course of these simulations, which corroborates
the stability of these materials.
Whether eLDS and sLDS carry the characteristic features
of a layered material can be conveniently substantiated by
investigating the in-plane and out of plane Young modulus and
by comparing them with those of cdSi. Perpendicular Young’s
modulus of eLDS and sLDS are calculated as Y⊥ = 79.6 and
76.4 GPa, respectively, while the Young’s modulus of cdSi
along [111] direction is 176.0 GPa and hence more than twice
the value of LDS phases. In contrast, the in-plane Young’s
moduli calculated within TDS layers of eLDS and sLDS are
relatively higher, and are 176.3 and 161.9 GPa, respectively.
These values are comparable with the Young’s modulus of cdSi
calculated in the (111) plane, which is 200 GPa. The dramatic
differences between the Young’s modulus of LDS structures
and cdSi calculated in the direction perpendicular to layers
confirm the layered nature of LDS phases.
The electronic structure of the layered phases have indirect
band gaps, which are wider than that of cdSi, as shown
in Fig. 4(a). The calculated indirect (direct) band gaps of
eLDS and sLDS are 0.98 (1.43) eV and 1.26 (1.65) eV,
respectively. The indirect band gap of cdSi is 0.62 eV at the
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FIG. 4. (Color online) (a) Energy band structure of eLDS and
sLDS along L--X directions of the Brillouin zone. Zero of energy
is set to the Fermi level. Bands of eLDS folded by doubling the unit
cell along a3 are shown by red lines. (b) Normalized densities of states
(DOS) of eLDS, sLDS, and cdSi. The isosurfaces of the total charge
density shown by the inset confirm the layered nature. (c) Energy
band structure of eLDS around the gap in the valence band together
with the isosurface charge density of the states 1−4 leading to the
peaks E1−4 in DOS. (d) The calculated Kohn-Sham and G0W0 RPA
optical absorption spectra for eLDS and cdSi.
DFT-PBE level while it is increased to 1.12 eV upon including
many-body self-energy corrections at the G0W0 level [16].
With the G0W0 correction the indirect band gap of eLDS is in-
creased to 1.52 eV. The indirect (direct) band gaps of eLDS and
sLDS calculated by the HSE06 hybrid functional are 1.92 eV
(2.37 eV) and 1.88 eV (2.26 eV), respectively.
Owing to the different Brillouin zones, it is difficult
to directly compare the band structures of LDS and cdSi.
Therefore the effects of the layered character on the elec-
tronic structure are sought in the normalized densities of
states (DOS). Figure 4(b) shows the normalized DOSs
of eLDS, sLDS, and cdSi. Except for some shifts of peaks,
DOSs of silicites are similar. Owing to the fourfold coordina-
tion of Si atoms in all structures, the overall features of DOSs
of LDS structures appear to be reminiscent of that of cdSi.
This confirms the fact that the overall features of the bands of
cdSi can be obtained within the first nearest-neighbor coupling
[30]. The total charge density, |T |2 presented by the inset,
depicts that electrons are mainly confined to TDS layers. This
is another clear manifestation of the layered character of eLDS
and sLDS phases. On the other hand, significant differences are
distinguished in the details of electronic energy structure due
to deviations from tetrahedral coordination: (i) Indirect band
gaps relatively larger than that of cdSi can offer promising
applications in micro and nanoelectronics. (ii) Sharp peaks E3
and E4 near the edges of the valence and conduction bands,
originate from the states, which are confined to TDS layers and
can add critical functionalities in optoelectronic properties.
(iii) A gap opens near the bottom of the valence band at
∼−11 eV; its edge states are also confined to TDS layers.
In Fig. 4(d), we present the optical absorption spectra
of eLDS and cdSi calculated at the RPA level using the
Kohn-Sham wave functions and G0W0 corrected eigenvalues.
One can see that the optical absorption of eLDS is significantly
enhanced in the visible range compared to cdSi, which makes
it a potential candidate material for photovoltaic applications.
This enhancement is still present when we rigidly shift
the absorption spectra by the amount we get from G0W 0
corrections [31].
The in-plane and out-of-plane static dielectric response
also reflects the layered nature of silicite. The frequency
dependent dielectric matrix takes different values in the in-
plane and out-of-plane directions of eLDS, while for cdSi
it is isotropic. The calculated in-plane dielectric constant of
eLDS (sLDS) is ‖ = 12.52 (12.85), while its out-of-plane
dielectric constant is ⊥ = 11.69 (11.56). Those values are
contrasted with the uniform dielectric constant  = 12.19
of cdSi.
V. CONCLUSION
In conclusion, we propose a growth mechanism for layered
allotropes of silicon with each layer composed of dumbbell
configurations arranged in a
√
3×√3 supercell. Our analysis,
based on state-of-the-art first-principles calculations, shows
that these phases are thermodynamically stable and have
energies only 0.17–0.18 eV above the global minimum. Their
elastic and electronic properties display pronounced direction-
ality. The enhanced absorption in the visible spectrum makes
layered phases superior to cdSi for photovoltaic applications.
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The puzzling STM and LEED data obtained at different stages
of multilayers grown on a Ag (111) surface are successfully
interpreted.
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